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ABSTRACT

Further refinements to the oxidation model of Stout et al. have been made. The present model
incorporates the burnup dependence of the oxidation rate in addition to an alowance for a
distribution of grain sizes. The modd was tested by comparing the model results with the
oxidation histories of spent fuel samples oxidized in Thermogravimetric AnaysiS(TGA) or Oven
Dry-Bath (ODB) experiments. The comparison between the experimenta and model results are
remarkably close and confirm the assumption that grain-size distributions and activation energies
are the important parameters to predicting oxidation behavior. The burnup dependence of the
activation energy was shown to have a greater effect than decreasing the effective grain size in

suppressing the rate of the reaction U,0, - U,O,. Modd results predict that U,O, formation of
spent fuels exposed to oxygen will be suppressed even for high burnup fuels that have undergone
restructuring in the rim region, provided the repository temperature is kept sufficiently low.

INTRODUCTION

Oxidation of UQO, to U,O, isaconcern in ageological repository, such asthe potential site at Y ucca
Mountain, since the 30-36% increase in volume as the fuel oxidizes can potentidly stress the
cladding. Such stresses are sufficient to split the cladding [1] and may result in direct contact of
the fuel with water. U,O, has also been shown to dissolve more readily than UO, [2].
Experimental and modeling efforts have been underway to determine the oxidation response of
spent fuel under repository conditions.

Spent (irradiated) fuel refersto UO, that has undergone fission in nuclear reactors. Asa result, the
UQ, is chemicaly and physically dtered from the origina unirradiated fuel. For every atom
undergoing fission, nearly two fission product atoms are produced. Even though the concentration
of these “impurity” atomsisrelatively small, it has been shown that the oxygen potential of the fuel
changes, at least initialy, with burnup [3]. The thermal stressto which the fuel is subjected results
inradia and axial cracking. Also, when the pellet-averaged burnup exceeds a threshold of 40-50
MWd/kgM, the fuel grains undergo a marked restructuring, producing a very porous rim region
where the grains have experienced a 1000 to 10000 fold grain volume reduction, (see Walker et al.

[41).

A review [5] of the literature shows that, with respect to oxidation, spent fuel behaves sufficiently
different from unirradiated UO,. Unirradiated fuel has been shown to oxidize following the

sequence U0, - U,0, - U,O, whereas spent fuel oxidizes as UO, - U,0, - U,O,. Also, for spent
fuels of sufficient burnup and a moderate temperatures, no U,O, has been observed until after
conversion of the UO, to U,O, is complete. This initial conversion usually occurs a a change in
the oxygen-to-metd ratio, A(O/M), of about 0.42, which corresponds to the time t,,. Spent fuel
typically has shown a resistance to further oxidation, exhibited as a plateau on a plot of the O/M
ratio as afunction of time. Oxidation to U,O, then proceeds to completion at a nomina O/M ratio
of about 2.75. Such plateau behavior is not observed in the oxidation of UO, a similar
temperatures.



The soluble fission products, whose concentrations are proportional to burnup, and the higher
actinides behave as dopants that inhibit the oxidation of U,O, to U,O,, (see McEachern et al.[7] ).
The time required for onset of U,0O, formation, as well as the rate a which U,O; is formed has
been shown [5] to be dependent on burnup. The activation energy for the U,O, to U,O, transition
was modeled as linearly dependent on burnup and follows the equation

E, = o+ 0B (1)

where E, is the total activation energy for the conversion of U,0, to U,O4 (kJmal); E,, is the
temperature-dependent activation energy, which was determined to be approximately 155 kJmol

(in excellent agreement with literature values found for unirradiated fuel [6,7]); a is the coefficient
for burnup-dependence, nominally 1.2 k¥mol per MWd/kg M; and B is the burnup (MWd/kg M).

Uncertainties of at least 10% were found for both E,, and a. Also, it should be emphasized that
burnup is only an approximate measure of the total soluble impurity concentration which dictates
oxidation behavior; adetailed discussion is presented by Hanson [5].

Finally, as the fuel oxidizes from UO, to the denser U,O,, the grains contract, opening the grain
boundaries. However, some of the stress of this phase transition is accommodated by cracking of
the oxidized outer “rind” of individual grains (e.g. [8]), thereby reducing the effective grain size.
Even more cracking occurs during the formation and spallation of U,O,. The original distribution
of grain sizes present from the fabrication process, the variable grain growth that occurs due to
axia and radia temperature distributions, and the effective reduction in grain size caused by
cracking, result in a“log-norma” distribution of grain sizes. Stout et a. [9,10,11] have shown
that the rate of oxidation depends inversely upon the grain size. Thus, models for the oxidation of
U,0, to U,0, must account for both this “log-normal” distribution of grain sizes and the burnup-
dependence of the activation energy to accurately predict the oxidation response of spent fud in a
repository.

RESULTS AND DISCUSSION
KINETIC MODEL OF UO, OXIDATION

The basic formulation of the grain size statistical dependence for the oxidation response model has
been presented previoudly by Stout et al. [9,10]. Individua grains are assumed to be cubicd and
are subdivided into six pyramids with square bases. The scalar magnitude of the height vector, c,
from the face of the grain to the center is defined as |c|, the grain half-size. For the first transition,
the oxidation of spent fuel has been shown to be diffusion controlled through an increasingly thick
product-layer. Thus, the velocity for amulti-grain sized sample at which UO, is converted to U,O,
is inversely proportional to both the grain half-size and the square root of time. For the second

transition (U,0, - U,O,), the product layer spals or cracks, so that the time duration of the
conversion front is inversely proportiona to the grain half-size, but directly proportiona to time.
A brief outline of the methodology followed in the model is presented here. Further details and the
model of the first transition can be found in [12].

The temperature-dependent rate of reaction for the U,O, — U,O, transition, K., IS given as
kuaoa = kousos exp(- EA/ RT) (2)

where k° is the pre-exponential constant, R isthe ideal gas constant (8.314 Jmole-K), and T is the
absolute temperature.  Unlike the previous versions of the model, the present version uses the

burnup-dependent activation energy as defined in Equation (1). The scaar function C(t).., .4,



which has a value between zero and one, is used to scale the length of vector ¢ that has been
converted to U,0, from U,0,. When C(t) equals zero, the modeled pyramid isal U,O,, and when
C(t) equals one, the pyramid is al U,O,. Originaly, the model assumed only grains of one size.
In order to include the observation of grain-size distributions, C is alowed to be a function of both
time and grain half-size. Thisreaction for amulti-grain sample can be modeled as

dC(t,c)/dt = K504/ ICl (3)
which, when integrated for t>t, ,, yields the expression

C(t,c) = (t-t,,) Kysoe Ic] (4)

The extent of reaction, or history, of asample is most often expressed either as the time-dependent
change in O/M ratio or as the volume fraction, VF(V 306/ J400), CONVerted to U,O,. These
histories are calculated using the equations

A(O/M) = 0.42+ 0.33[ 3C (t,c) -3C* (t,c) + C°(t,0)] (5)
VF(t,c) = [ 3C (t,c) -3C? (t,c) + C* (t,0) ] (6)
If the history of agrain of monosized UO, with a grain half size ¢ is denoted by h(t|c), and P(c)

denotes the normalized fractiona distribution of grains with that half-size, then the average or
expected value of the history of a sample undergoing oxidation from U,O, to U,O, isgiven by:

h(t) = % ht|c)P(c) (7)
where h(t|c) refers to either the change in O/M ratio or the volume fraction as given in Equations
(5) and (6). Although the grain size distribution is “log-normal”, the present model is limited to
only four distinct grain size bins, each defined by an average grain half-size and the fraction of
grains belonging in this bin.

COMPARISON OF THE MODEL WITH EXPERIMENTAL VALUES

The modd was compared with data from two distinct experiments utilizing spent fuel: 1) TGA
tests in which small samples (~200 mg) were oxidized and the mass increase was continuously
monitored, and 2) ODB tests in which larger samples (5-10 g) were oxidized and the mass increase
was measured only intermittently. The initial comparison was made with the TGA data since the
samples consisted of single fragments and the burnup of each fragment was estimated based on
analyses of each individua sample. The burnup of the dry-bath samples was taken as the rod-
averaged burnup of the segment from which the samples originated.

The grain-size distributions were found using an iterative process. A set of four representative
grain sizes was selected based on knowledge of the as-irradiated grain sizes providing an upper
bound, and the extent of cracking estimated from the published micrographs of Thomas et al.
[13,14]. Thefraction of each samplein that grain size bin was chosen, the code run and iterations

performed, changing the grain sizes and fractions, to give the best fit with the experimental A(O/M)
histories. The reported [5] uncertainties of 10-15 kJ/mol in the experimental activation energies
were used to further optimize the fitting of the mode output with experimental oxidation history
curves. Asseen in Figure 1, the model was in excellent agreement with the TGA data for most
samples. The model was then applied to the ODB data (see Figure 2). Again, the agreement for
most samples was excellent.



The oxidation history for the U,0O, to U,O, transition for both the TGA and ODB samples usually
follows an approximately linear weight gain with time. However, a number of samples exhibited a
relatively fast, nonlinear weight gain with time at early times after the plateau. At first, it was
hypothesized that these samples contained, for some unknown reason, an unusualy high fraction
of extremely fine grains, whether due to fabrication, irradiation, or subsequent cracking. Using
theiterative approach used to fit the model with the other samples resulted in the need for a very
large fraction of grains that were much smaller than observed on these samples.

Upon an in-depth review of the data, it was determined that two of the ODB samples (TP-P2-100
and 104F-100) that exhibited this nonlinear weight gain (see Figure 3) had previousy had a
hydrated phase, possibly dehydrated schoepite, identified on some samples when examined with
X-ray diffraction (XRD) analysis. Schoepite is known to exhibit a fine, needle-like structure on
the surface of the affected particles. It was hypothesized that the schoepite acted essentidly as
“fins’ that greatly enhanced the effective surface area, or, equivaently, decreased the effective
grainsize. Not only could the large surface area created by the schoepite alow for greater oxygen
absorption, but the low density, highly oxidized material could rapidly transport this oxygen to the
U,O, phase beneath it. If this were the case, then as the fuel oxidizesto U,O, and cracks or spalls
from the surface, the effect from the schoepite should decrease. This is observed with both the
TGA and dry-bath samples that exhibited the “anomaous’ behavior; after some initia transient
after the plateau, the oxidation proceeds similar to the other samples. Using this justification, the
remaining samples were fit with the model and the agreement was again quite good. XRD is
currently being performed on al samples to determine if any hydrated phases can be detected for
other samples.

Full details of the experiment-model comparisons are not given, but the reader is referred to the
Waste Form Characteristics Report, Sec. 3.2.2 [12]. In summary, both those samples with and
without the anomalous behavior were modeled with excellent fits. For those experiments that had

no evidence of schoepite, the time histories of A[O/M] ;s Were in agreement within 3% of the
measurements for both TGA and ODB experiments over a burnup range of 11-48 MWd/kgM.
Those samples that had suspected schoepite were also in very good agreement with the
experimental results. Thesefits tended to be about within 5% agreement.

IMPACT ON REPOSITORY DISPOSITION

The worst case scenario is the spent fuel is exposed to moist air, but we shall restrict the reactions
to dry ar in the present paper. Figure 4 shows the volume fraction histories for constant
temperature simulations of 200, 150, and 100°C for sample TP-F-003A. This sample has a rather

uniform burnup of 27 MWd/kgM for the grain half-size range 1.0-14 um; it is believed to have no
hydrated phase. Note that because of the Arrhenius dependence of the reaction on temperature, the
reaction to U,O, is complete at about 8000 years if the temperature is a constant 200°C; 2.4e+6
years if the temperature is a constant 150°C; and 3.3e+9 years if the temperature is a constant
100°C. If the repository were to maintain a constant 150°C after failure of the waste package, only
9% of the fuel would be converted to U,O; after 50,000 years.

It is instructive to consider the oxidation of spent fuel at different burnups. Theoretically, the
resistance to U,O, formation increases with increasing burnup, although this remains to be proven.
Using these fine grain sizes and a broad range of activation energies, a family of curves over a
range of temperatures can be generated for use in performance assessment models. Figure 5
shows the resulting plots of the spent fuel volume fraction history having burnups of 25, 50, and

75 MWd/kgM, assuming average grain haf-sizes of 4.0, 0.75, and 0.25 pm, respectively.
Assuming a constant temperature of 200°C, the corresponding times for complete conversion to



U,O, are 1.3e3, 5.5e5, and 3.4€8 years, respectively. Figure 6 shows the resulting plots of the
spent fuel volume fraction histories of the same data set, except that a constant temperature of
100°C is assumed. The corresponding times for complete conversion to U,O, are 4.3e8, 1.1e8,
and 1.0el5 years, respectively.

CONCLUSION

Significant U,0, formation due to dry air oxidation is not expected to occur in a geological
repository, provided the maximum temperature does not exceed 150°C, after the spent fuel is
exposed to oxygen. This finding is predicted even for high burnup fuels that have undergone
restructuring and tend to have rather small UO, grains. The exponential temperature dependence of
the activation energy for U,O, formation is the dominating mechanism. Additional work is needed
to verify the burnup dependence of the activation energy a burnups above about 45 MWd/kg M.
The role of hydrated phases on oxidation kinetics must also be studied to verify the present
assumptions. Still, the model has been shown to accurately predict the oxidation response of spent
fuel to within 5%.
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Figure 1. A (O/M) versus time (hrs) for the TGA sample ATM 104-01 (305 °C)
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Figure 2. A(O/M) ODB experimental and model histories for sample 105F-013A.
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Figure 3. A (O/M) versus time (hrs) for the ODB sample TP-P2-100 (255 °C)
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Figure 4. Volume fraction of U,0, formed versus time (yrs) at constant temperature (200, 150, and
100 °C), reference sample TP-F-003A.
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Figure 5. Volume fraction of U308 formed in time with different burnup fuels at a constant
temperature of 200°C, assuming the spent fuel is exposed to oxygen.
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Figure 6. Volume fraction of U308 formed in time with different burnup fuels at a constant
temperature of 100°C, assuming the spent fuel is exposed to oxygen.



